Abstract: Ternary lipid mixtures composed of cholesterol, saturated (frequently with sphingosine backbone), and unsaturated phospholipids show stable phase separation and are often used as model systems of lipid rafts. Yet, their ability to reproduce raft properties and function is still debated. We investigated the properties and functional aspects of three lipid raft model systems of varying degrees of biological relevance -PSM/POPC/Chol, DPPC/POPC/Chol, and DPPC/DOPC/Chol -using 2 H solidstate nuclear magnetic resonance (NMR) spectroscopy, fluorescence microscopy, and atomic force microscopy. While some minor differences were observed, the general behavior and properties of all three model mixtures were similar to previously investigated influenza envelope lipid membranes, which closely mimic the lipid composition of biological membranes. For the investigation of the functional aspects, we employed the human N-Ras protein, which is posttranslationally modified by two lipid modifications that anchor the protein to the membrane. It was previously shown that N-Ras preferentially resides in liquid-disordered domains and exhibits a time-dependent accumulation in the domain boundaries of influenza envelope lipid membranes. For all three model mixtures, we observed the same membrane partitioning behavior for N-Ras. Therefore, we conclude that even relatively simple models of raft membranes are able to reproduce many of their specific properties and functions.
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Introduction
The existence of individual phases in lipid/water mixtures (Luzzati and Husson, 1962) and cell membranes (Reinert and Steim, 1970) had already been described several years before Singer and Nicolson developed their model of biological membranes, which implies that lipids are distributed homogeneously (Singer and Nicolson, 1972) . Shortly afterwards, it was also suggested that several lipid phases can coexist in membranes (Pagano et al., 1973; Stier and Sackmann, 1973; Petit and Edidin, 1974) . Later it was proposed that domains with different properties exist in lipid membranes (Karnovsky et al., 1982) and the concept was further developed in subsequent decades (Simons and Vanmeer, 1988; Simons and Ikonen, 1997) . One particular type of microdomain, containing high amounts of cholesterol (Chol) as well as phospholipids with saturated acyl chains and sphingosine backbones, has unique properties. The lipids in this liquid-ordered (l o ) phase are packed rather tightly and the order in the acyl chains of the lipids is very high, similar to the gel phase of a membrane (Brown and London, 2000; Polozov and Gawrisch, 2006) . However, the lipids can undergo rapid rotational and lateral diffusion more similar to a membrane in a liquid-disordered (l d ) phase (Kusumi et al., 1986; Brown and London, 2000; Filippov et al., 2004; Polozov and Gawrisch, 2006) .
In the context of biological membranes, the l o phase domains are referred to as lipid rafts and until now details about their shape, size, and lifetime are still a subject of debate (Leslie, 2011) . The current model of rafts depicts them as very dynamic in nature with a small size and short lifetime (Pike, 2006) . It has also been proposed that the presence of proteins induces rafts by attractive interactions to a particular lipid species (Viola et al., 1999; Caroni, 2001; McLaughlin et al., 2002; Janosi and Gorfe, 2010; Janosi et al., 2012) .
As investigations on naturally occurring rafts are difficult because of their small size and short lifetime, the biophysical properties of the raft-like l o and l d phases have been characterized using many different model systems (Ipsen et al., 1987; Marsh, 2010) . In particular, ternary lipid mixtures consisting of cholesterol, a saturated (often with sphingosine backbone), and an unsaturated glycerophospholipid were used to study the phase behavior of these model systems (de Almeida et al., 2003; Veatch et al., 2007a; Bartels et al., 2008; Bunge et al., 2008; Ionova et al., 2012; Scheidt et al., 2013) . While these investigations provide crucial information on biophysical properties of the individual phases, the systems are rather artificial and fail to reproduce certain aspects of rafts, such as their heterogeneous composition, small size, or short lifetime. Furthermore, rafts are thought to facilitate and modulate protein-protein interactions by specific enrichment of proteins in raft domains, leading to higher local concentrations and thus enhanced efficiency in signaling. Particularly, palmitoylated proteins were assumed to preferentially partition into rafts because of saturated lipid modifications (Casey, 1995; Wang et al., 2001; Zacharias et al., 2002) . Therefore, the question that arises is: how relevant are such simple artificial model raft membrane systems? Here, we address this issue by investigating model raft systems with increasing biological relevance and their interaction with the membrane-associated lipid modified N-Ras protein.
N-Ras is a small GTPase that functions as a molecular switch in signal transduction cascades responsible for cell proliferation, differentiation, and growth (Brunsveld et al., 2006 , and in its oncogenic form is strongly implicated in the formation of ∼30% of all human tumors . The posttranslationally acquired lipid modifications that bind N-Ras to membranes (Casey, 1995; Gorfe et al., 2004) have been shown to be highly flexible and are able to adapt to almost any membrane environment (Huster et al., 2003; Vogel et al., 2005 Vogel et al., , 2007 Vogel et al., , 2009 Vogel et al., , 2010 Reuther et al., 2006b ). In addition, it was shown that the lipid anchor of N-Ras controls the fast and reversible distribution of the protein over various cellular membranes . Based on the membrane interaction of H-Ras, a model was proposed that involves a nucleotide-dependent association of Ras with l d and raft-like membrane domains (Prior et al., 2003) . However, recently an alternative model was developed that suggests that signaling of Ras is regulated by the altered access and residence time in a specific membrane compartment Weise et al., 2009 Weise et al., , 2011 Janosi et al., 2012) . This model is also in agreement with the observation that human N-Ras is preferentially localized in l d domains and accumulates in the l o /l d phase boundaries of domain forming model raft membranes, independent of nucleotide-loading (Janosch et al., 2004; Vogel et al., 2009; Weise et al., 2009) .
In this study, the viability of different raft model systems regarding the localization of N-Ras has been investigated. This addresses the issue of whether the membrane interaction of N-Ras is universal in heterogeneous membranes and answers the question of whether relatively simple model systems can be used for studies of membrane anchored proteins. In addition, the results are also relevant for the function of N-Ras which is closely related to its membrane environment.
Our previous investigation on the phase behavior of N-Ras in heterogeneous membranes was conducted on a membrane that consisted of lipids extracted from influenza envelope membranes, which represent the complex lipid composition of biological membranes (Vogel et al., 2009) . Phase coexistence was observed by 2 H solid-state NMR spectroscopy, confocal fluorescence microscopy, and atomic force microscopy (AFM). It was shown that N-Ras accumulated in the phase boundaries of l o and l d domains. Here, we extend these investigations to three model systems of varying degrees of biological relevance: (i) PSM/POPC/ Chol, (ii) DPPC/POPC/Chol, and (iii) DPPC/DOPC/Chol. The first system should be closest to a natural raft forming membrane as it contains palmitoyl-sphingomyelin (PSM), which is known to be strongly associated with the l o phase. The naturally occurring POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) is enriched in the l d phase. In the second system, PSM was replaced by (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) -a simple disaturated lipid with a high phase transition temperature, which is also enriched in rafts. Finally, the more natural POPC was replaced by the artificial lipid DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), which has a higher degree of unsaturation and a higher affinity for the l d phase.
While minor differences were observed, the general behavior of N-Ras in all raft model systems was the same as in the viral membranes. In all systems, N-Ras was found to be distributed in the l d phase but particularly accumulated at the phase boundary in a time-dependent manner, with very similar structure and dynamics of the lipid modifications of N-Ras. Therefore, even the relatively simple model raft membrane systems are able to reproduce the complex behavior of membrane-associated proteins.
Results
The semisynthetic N-Ras protein used in this study consists of a G-domain and the hypervariable region comprising a linker domain and the posttranslationally modified C-terminal sequence that acts as the membrane anchor of N-Ras (Reuther et al., 2006a; Brunsveld et al., 2009 ). The posttranslational modifications are represented by a farnesyl (Far) and a hexadecyl (HD) chain that are attached to Cys 186 and 181, respectively, where the HD moiety is a nonhydrolyzable analog of the naturally occurring palmitoyl chain.
2
H solid-state NMR was used to investigate the structure and dynamics of the lipid chains of Ras and the lipids in the surrounding membrane mixtures. For each raft model membrane system, three samples were prepared: one sample in which the hexadecyl chain of N-Ras was perdeuterated and two samples in which either the phospholipid selective for the l d or the l o phase was perdeuterated enabling the separate investigation of these lipid phases. We conducted 2 H solid-state NMR investigations on PSM/POPC/Chol and DPPC/POPC/Chol (molar ratio 38.5/38.5/23.1 in each system) in the presence of Ras. The temperature was set to 21.3°C as fluorescence microscopy showed only very little domain formation at 30°C, which was used for the other mixtures. Analysis of the DPPC/DOPC/Chol mixture (molar ratio 50/25/25) was not possible by NMR because DOPC is not available in the deuterated form.
The 2 H NMR spectra for the individual membrane components are plotted in Figure 1 and show only minor differences between the membrane mixtures. The saturated lipids PSM and DPPC, which are enriched in the l o phase, exhibit very similar spectra although chemically they differ significantly. In all mixtures, the monounsaturated POPC was used as marker for the l d phase and the spectrum is always narrower than that of the saturated lipid indicating lower order as expected for the l d phase. The 2 H NMR spectra of POPC look very similar in the virus lipid (Vogel et al., 2009 ) and DPPC/POPC/Chol/Ras membranes but the spectrum in PSM/POPC/Chol/Ras membrane has a different shape. At its widest point, it is only slightly narrower than in the other mixtures but its spectral shape has the appearance that a second even narrower spectrum is overlapping. Furthermore, the 2 H NMR spectra of PSM, DPPC, and POPC in the PSM/POPC/Chol and DPPC/POPC/ Chol mixtures but not the virus lipid membrane show two splittings for the smallest Pake-Doublet, which originates from the terminal methyl group of the acyl chain. In the 2 H NMR spectrum of DPPC in the DPPC/POPC/Chol mixture, the second splitting is not as apparent but a small shoulder on the outer side of the methyl peak is visible, and by fitting all spectra the values of the quadrupolar splitting were determined (Table 1 ). The comparison shows that The values were obtained by fitting the spectrum. In the raft model systems, the same general trends for the individual molecular species are observed as in the virus lipid membrane. Data for the virus lipids adopted from (Vogel et al., 2009 
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for each carbon segment of the deuterated palmitoyl chains in the lipids or the hexadecyl chain of the N-Ras protein as shown in Figure 2 (A, C, and E). The order parameter is a measure of the amplitude of motion of the individual carbon segment and therefore closely related to its dynamics. Overall, the agreement between the different membrane mixtures is very good. The saturated DPPC and PSM lipids have very similar order parameters, which are always significantly higher than those of the unsaturated POPC. Again, POPC has lower order in the PSM/POPC/ Chol/Ras than in the other mixtures, which is a direct result of the apparent two overlapping components of the spectrum, one of which is very narrow. As expected from the even narrower spectra of the Ras lipid modifications their order parameters are much lower than those of the surrounding lipids.
From the order parameter profiles, detailed information about the geometry of the hydrocarbon chains can be extracted using a model describing the distribution of the orientations of the carbon segments (Petrache et al., 2000; Vogel et al., 2005) . Values accessible by this model include chain length, interfacial area per chain, and hydrophobic thickness of the bilayer. In Figure 2 (B, D, and E), the chain extension plots calculated from the order parameter profiles are shown. These plots contain information about the mean position of every second carbon segment along the membrane normal, where the position of the terminal methyl group was set to zero for direct comparison. For all mixtures a mismatch between the saturated and the unsaturated lipid component is observed, which is on the order of ∼1°Å in the virus lipid membranes and DPPC/POPC/ Chol/Ras and ∼2°Å in PSM/POPC/Chol/Ras. The Ras lipid modifications are always much shorter on average than the lipid acyl chains in both the l o and l d phase.
To investigate the distribution of the human N-Ras protein in these mixtures and also in DPPC/DOPC/Chol, giant unilamellar vesicles (GUVs) of all lipid mixtures were prepared and confocal laser scanning microscopy was conducted. The l d phase was labeled with N-Rh-DOPE (red fluorescence) at a very low concentration of 0.2 mol%, which should not interfere with membrane domain formation (Veatch et al., 2007b) domain sizes. Upon addition of N-Ras to membranes consisting of PSM/POPC/Chol and DPPC/DOPC/Chol, the lateral organization of the membrane was changed by an increase in the amount of l d phase. In addition, the incorporation of N-Ras nearly exclusively into the l d phase of the membrane leads to a thinning of this fluid phase, as visible by an increased height difference with respect to the l o phase. Whereas the N-Ras protein initially partitions into l d domains of heterogeneous membranes, timedependent diffusion and subsequent clustering of the protein in the l o /l d phase boundary region was observed for both systems, in line with previous studies (Vogel et al., 2009; Weise et al., 2009) . This leads to a decrease of the unfavorable line tension between domains, which is also reflected in the fact that the l o /l d phase coexistence detected at the beginning of the AFM experiment, is abolished by the accumulation of N-Ras in the phase boundary region. As the clustering in the interfacial region of the domains is enhanced over time and the size of the protein particles located in the bulk l d phase remains nearly constant over time, we speculate that clustering takes place mainly in the interfacial region. However, in the N-Ras GTP-loaded state some extent of clustering was also detected in the bulk fluid phase (cf. Weise et al., 2009 ).
In contrast, the lateral organization of the viral lipid membranes was not influenced by incubation of the membrane with N-Ras (Vogel et al., 2009 ). This could be explained the different mica-supported membranes: whereas one lipid bilayer was detected on the mica support for PSM/POPC/Chol and DPPC/DOPC/Chol, multiple lipid bilayers lying upon each other were observed for the viral membrane system. While the N-Ras membrane partitioning behavior is similar for all three membrane systems, model systems that more closely reflect the natural membrane showed a faster membrane partitioning and clustering of N-Ras (significant interfacial localization of N-Ras was detected after ∼3 h for viral membranes and ∼15 h for the other two systems). It is possible that these kinetic effects are related to a difference in the chain composition of the virus lipid membranes compared to the simpler model systems.
Discussion
We used three different model membrane systems (PSM/ POPC/Chol, DPPC/POPC/Chol, and DPPC/DOPC/Chol) in In all model membrane systems, a pronounced incorporation of N-Ras in the domain boundaries is detected, but the protein is also found in l d domains while it is excluded from l o domains. Data for the virus lipids adopted from (Vogel et al., 2009). comparison to the previously studied virus lipid mix (Vogel et al., 2009 ) to investigate their viability as raft model systems and to evaluate whether the membrane partitioning of N-Ras depends on the membrane composition. The mixture containing 80 mol% virus lipids is the most natural system as it contained only 20 mol% of synthetic lipids (10 mol% PSM and 10 mol% POPC) as NMR labels. The other three model systems are synthetic lipid mixtures containing one saturated lipid component (either PSM or DPPC), one unsaturated lipid component (either POPC or DOPC), and cholesterol. The NMR data show that the saturated DPPC or PSM lipids have high order parameters and extended chain lengths in all mixtures (the mixture DPPC/ DOPC/Chol could not be investigated by NMR), indicating that they form a l o phase while the monounsaturated POPC has lower order and shorter chain length, indicating that it forms the l d phase as expected (Polozov and Gawrisch, 2006; Bunge et al., 2008; Ionova et al., 2012) . Both confocal fluorescence microscopy and AFM also reveal phase separation in all investigated mixtures over a broad range of temperatures (data not shown).
However, the NMR data also show some differences in the behavior of the different mixtures. In the 2 H NMR spectra of the PSM/POPC/Chol and DPPC/POPC/Chol mixtures, a second component is detected, which suggests that the lipids are not purely localized in one phase each. Rather, monounsaturated lipids are also found in smaller concentration in the l o phase and vice versa. Most interesting are the quadrupolar splittings for the terminal methyl groups of the individual lipid species, which are least influenced by the differences in the head groups of the lipids and therefore most indicative of the properties of the surrounding lipid phase. In fact, it was shown that PSM and POPC in a homogeneous 1:1 mixture exhibit very similar quadrupolar splittings (difference < 200 Hz) for the terminal methyls (Bunge et al., 2008) . In the virus lipid membrane, the difference between POPC and PSM is ∼2200 Hz, which clearly indicates that both experience a different environment. In the PSM/POPC/Chol and DPPC/ POPC/Chol mixtures, two splittings are observed for each lipid species. Comparison of the spectra reveals that one splitting of the saturated lipid (PSM or DPPC) and one splitting of POPC are almost identical in both membrane systems, which also was observed in other studies (Bartels et al., 2008) . This indicates that both lipid species spend a considerable amount of time in a common environment. In addition to the common quadrupolar splitting, the saturated lipids (PSM or DPPC) exhibit a second spectral component with a quadrupolar splitting, which is larger while the second splitting observed for POPC is smaller in both PSM/POPC/Chol and DPPC/POPC/Chol indicating that both lipid species also spend time in environments separated from each other where the environment that POPC experiences is less ordered than the environment of DPPC and PSM. Analysis of the intensity of the peaks shows that in the PSM/POPC/Chol mixture the saturated and unsaturated lipids spend less time in the common environment than they do in the DPPC/POPC/Chol mixture. This indicates that the more time components of a mixture spend in a common environment, the more artificial the system is. As neither AFM nor confocal fluorescence imaging show such a common phase, these fluctuations have to be very small. One possibility is that the domain boundaries become wider and form this common phase. The molecular reason why DPPC/POPC/Chol exhibits more of this common phase than PSM/POPC/Chol, even though DPPC/ POPC/Chol was investigated at lower temperature, might be due to the fact that cholesterol interacts more strongly with sphingomyelin than with DPPC (Oradd et al., 2005; Aittoniemi et al., 2007) . This stronger interaction probably leads to higher cholesterol concentrations in the l o and lower cholesterol concentrations in the l d phase amplifying the difference in order between them promoting phase separation. Unfortunately, it is not possible to estimate the amount of cholesterol in each phase from the 2 H NMR spectra because each phase will also contain lipids that favor the other phase and thereby also influence the order parameters. For instance, if phase separation of a PSM/POPC/ Chol mixture (molar ratio 37.5/37.5/25) was complete and cholesterol would distribute evenly over both phases, the l o phase would consist of PSM/Chol (molar ratio 37.5/12.5). A former study investigated these two systems and found that the order parameters of PSM in PSM/Chol (molar ratio 37.5/12.5) are much higher than those in PSM/POPC/Chol (molar ratio 37.5/37.5/25) (Bunge et al., 2008) indicating that POPC is present in the l o phase of PSM/POPC/Chol. Furthermore, in this publication, the authors also measured the order parameters of POPC in the same mixture. Therefore, this publication represents a good comparison to our studies although the order parameters shown were acquired at 40°C. Yet, the relative difference between the order parameters of PSM and POPC in the PSM/POPC/ Chol mixture (molar ratio 37.5/37.5/25) at 40°C is very close to the difference we observe between PSM and POPC in PSM/POPC/Chol (molar ratio 38.5/38.5/23.1) in the presence of N-Ras at 30°C. Therefore, we can conclude that at least for this mixture the presence of N-Ras does not lead to significant changes in the molecular composition of either the l o or l d phase.
In addition to these investigations on the state of the lipids, our assay also offers an assessment of the raft model systems from a functional point of view. For this, we employed the human N-Ras protein, which was shown to be preferentially associated with the l d phase and particularly accumulates in a time-dependent manner in the phase boundaries of the domains in virus lipids/PSM/ POPC and DPPC/DOPC/Chol mixtures (Vogel et al., 2009; Weise et al., 2009) . The same behavior is observed in all other raft model systems investigated. The 2 H NMR spectra of the Ras lipid are very narrow, show poor spectral resolution, and do not resemble that of either lipid component in all raft model systems. Such 2 H NMR spectra are indicative of slower motions with microsecond correlation times, similar to a critical behavior with significant fluctuations at the critical point of a ternary lipid mixture (Veatch et al., 2007a) . The order parameters and chain lengths that were calculated from these spectra show that the length of the saturated Ras lipid modification varies depending on membrane composition. It is the longest and most ordered in the virus lipid membranes while it exhibits reduced order in PSM/POPC/Chol and DPPC/POPC/Chol. Furthermore, the spectra are superimposed with a small isotropic signal. Such phenomena are often encountered in biological membranes and can be explained by highly mobile lipid chains (Gamier-Lhomme et al., 2007) , which would suggest that a small portion of the Ras chains is isotropically mobile and, very likely, not inserted into the membrane. Therefore, this spectral shape is interpreted such that N-Ras is located in the l o /l d phase boundaries, where a very heterogeneous environment is present, which leads to the observed effects on the spectrum (Vogel et al., 2009) . Confocal fluorescence microscopy and AFM provide even more direct evidence for this hypothesis. In all mixtures, a time-dependent accumulation of N-Ras in the domain boundaries is clearly observed. Therefore, we conclude that the general behavior of N-Ras is the same in all mixtures, where it shows a clear preference for the l d phase of the membrane and given enough time accumulates in the phase boundaries.
The accumulation of N-Ras in the domain boundaries is associated with the line tension of these boundaries (McConnell and Vrljic, 2003; Kuzmin et al., 2005; Vogel et al., 2009) . The entropic penalty for association of proteins with the phase boundary might be countered by a reduction of its line tension. This is particularly interesting because this might be crucial for the function of N-Ras (Vogel et al., 2009) . Assuming a homogenous membrane, the binding of proteins reduces the dimensionality of diffusion from 3 to 2 and thereby increases the likelihood to meet an interaction partner that is also bound at the membrane (Murray et al., 1997 /s) such that the overall contact probability remains relatively constant (Haugh and Lauffenburger, 1997) . But if both interaction partners are co-localized in rafts or even their boundaries their accessible surface area is significantly reduced and their interaction efficiency is increased despite the lower diffusion coefficient in the membrane. In addition, the reduction of line tension by accumulation of lipidated proteins such as N-Ras in the interfacial region of heterogeneous membranes fosters self-association and cluster formation of N-Ras at the domain boundaries. From previous AFM experiments it was proposed that the bulky and branched farnesyl anchor is largely responsible for the interfacial membrane accumulation of N-Ras, as this membrane partitioning behavior was observed for several N-Ras lipidation motifs including at least one farnesyl anchor . Such an interfacial adsorption effect can generally be expected in many-phase lipid systems for inserting proteins that have no preference for any particular phase -for example because of hydrophobic mismatch and/or entropic reasons -so that the proteins are expelled to the boundary Li et al., 2012; Li and Gorfe, 2013) . Furthermore, it was reported that N-Ras forms dimers in POPC membranes, which might be further promoted by an increase in the local concentration (Gueldenhaupt et al., 2012) .
In conclusion, from the viewpoint of the distribution and general behavior of the human N-Ras protein, all lipid mixtures used in this study qualify as viable raft model systems. However, if details such as the length and order of the lipid modifications of Ras or the size and stability of the domains are investigated, one has to be careful about choosing a model system that is as close as possible to the native environment. In the best case, such lipid systems should be prepared from raft-prone natural membranes, such as caveolae, but the amounts that can be recovered from such systems are too small for many biophysical techniques.
Materials and methods

Materials
The lipids N-palmitoyl-D-erythro-sphingosylphosphorylcholine (PSM), N-perdeuteriopalmitoyl-D-erythro-sphingosylphosphorylcholine (PSM-d 31 ), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-diperdeuteriopalmitoyl-sn-glycero-3-phosphocholine (DPPC-d 62 ), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC-d 31 ), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (N-Rh-DOPE) as well as cholesterol (Chol) were procured from Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and used without further purifi cation. Virus lipids were extracted from influenza virus (strain A/PR/8/34). For all measurements the same lipid batches were used.
Protein synthesis
The N-Ras peptide with the sequence H-Gly-Cys(HD)-Met-Gly-LeuPro-Cys(Far)-OMe and perdeuterated hexadecyl (HD) chains as well as an N-terminal maleimidocaproyl-function was synthesized as before (Bader et al., 2000; Volkert et al., 2003) . C-terminally truncated wildtype N-Ras (1-181) was expressed in Escherichia coli CK600K and purified via DEAE ion exchange chromatography and gel filtration. Coupling with N-Ras peptides was performed in stoichiometric amounts in 20 mm Tris, pH 7.4, 5 mm MgCl 2 supplemented with Triton X114. After removal of Triton by DEAE ion exchange chromatography, Ras was concentrated in 20 mm Tris, pH 7.4, 5 mm MgCl 2 , 2 mm DTE by size exclusion filtration. Proteins were analyzed by SDS-PAGE and MALDI-TOF MS.
H NMR spectroscopy
Aliquots of the phospholipids were co-dissolved in chloroform, dried under vacuum (10 mbar), and dispersed in water. The suspension was vortexed for 10 min, incubated for 30 min at 37°C, shock frozen in liquid nitrogen and thawed 10 times. Large unilamellar vesicles were prepared by 10 cycles of extrusion across polycarbonate membranes with 100 nm pores. N-Ras protein was added to the liposomes at a protein to lipid molar ratio of 1:150. The suspension was ultracentrifuged, the pellet lyophilized and hydrated to 50wt% water. Samples were equilibrated, transferred to 5-mm glass vials, and sealed.
2
H NMR spectra were acquired on an Avance 750 NMR spectrometer. The spectra were accumulated with a spectral width of ± 250 kHz, 3 μs π/2 pulses separated by a 60 μs delay, and a relaxation delay of 1 s.
Confocal laser scanning microscopy
Giant unilamellar vesicles (GUV) were prepared by electroformation (Angelova et al., 1992) containing 0.2 mol% N-Rh-DOPE as l d phase marker in sucrose buffer. BODIPY-labeled N-Ras protein was added to GUVs yielding a 0.4 μm solution at 25°C. Confocal images of the equatorial plane of the GUVs were taken using an inverted confocal laser scanning microscope (FV1000, Olympus, Hamburg, Germany) using a 60 × (N.A. 1.35) oil-immersion objective. Rhodamine and BODIPY were excited with a 559 nm diode laser and the 488 nm line of an Ar-ion laser (Olympus, Hamburg, Germany), respectively. The emissions of rhodamine and BODIPY were recorded between 570 nm and 670 nm and between 500 nm and 545 nm, respectively.
AFM
Supported lipid bilayers were produced of the dry lipid mixture hydrated with Tris buffer as described before (Weise et al., , 2011 Vogel et al., 2009) . 200 μl of N-Ras in Tris buffer (100 μg/ml) were slowly injected into the AFM fluid cell at room temperature and incubated for 1 h. AFM measurements were performed on a MultiMode scanning probe microscope equipped with a NanoScope IIIa controller (Digital Instruments, Santa Barbara, CA, USA) and J-Scanner (scan size 125 μm). Images were obtained in tapping mode in liquid with sharp nitride lever (SNL) or oxide-sharpened silicon nitride (DNP-S) probes mounted in a fluid cell (MTFML, Veeco Instruments, Mannheim, Germany). Tips with nominal force constants of 0.32 N/m were used at driving frequencies around 9 kHz; scan frequencies were between 0.5 and 1.5 Hz. Height and phase images were acquired with resolutions of 512 × 512 pixels and image analysis and processing was carried out by use of software NanoScope version 5.
